Circular plasmid DNA molecules and linear concatemers formed from the same plasmid exhibit strikingly different fates following microinjection into Xenopus laevis embryos. In this report, we prove quantitatively that only a minority of small, circular DNA molecules were replicated (mean = 14%) from fertilization through the blastula stage of development. At all concentrations tested, very few molecules (-1%) underwent more than one round of DNA synthesis within these multiple cell cycles. In addition, unlike endogenous chromatin, the majority of circular templates became resistant to cleavage by micrococcal nuclease. The extent of nuclease resistance was similar for both replicated and unreplicated templates. Sequestration of circular molecules within a membranous compartment (pseudonucleus), rather than the formation of nucleosomes with abnormal size or spacing, apparently conferred the nuclease resistance. In contrast, most linearly concatenated DNA molecules (derived from end-to-end joining of microinjected monomeric plasmid DNA) underwent at least two rounds of DNA replication during this same period. Linear concatemers also exhibited micrococcal nuclease digestion patterns similar to those seen for endogenous chromatin yet, as judged by their failure to persist in later stages of embryogenesis, were likely to be replicated and maintained extrachromosomally. We propose, therefore, that template size and conformation determine the efficiency of replication of microinjected plasmid DNA by directing DNA to a particular compartment within the cell following injection. Template-dependent compartmentalization may result from differential localization within endogenous nuclei versus extranuclear compartments or from supramolecular assembly processes that depend on template configuration (e.g., association with nuclear matrix or nuclear envelope).
Fertilized eggs (zygotic embryos) of Xenopus laevis are potentially an excellent system with which to study replication of microinjected plasmid DNA molecules in that they possess an enormous capacity for DNA synthesis. Most of the components necessary for chromosome replication such as DNA polymerases (60) , DNA topoisomerases (6, 28, 32) , proliferating cell nuclear antigen (26, 61) , histones (31, 59) , and nuclear precursors (18) have been accumulated during oogenesis and are found in large stockpiles within the unfertilized egg. Consequently, Xenopus eggs, embryos, and extracts prepared from eggs or embryos have an extraordinarily high capacity for chromatin assembly on duplex DNA and subsequent nuclear formation (processes that probably are functionally related to DNA replication; reviewed in reference 29). They also efficiently carry out complementary-strand synthesis on single-stranded DNA templates (38) .
In addition, the early cleavage division cycles in X. laevis embryos are very rapid. After the first cell cycle (1.5 h), the next 11 cell cycles are 35 min in length (45, 52) , with an S phase of 10 to 15 min (21, 22) . By 9 h the fertilized egg has divided to form approximately 10,000 cells and has synthesized 70 ng of chromosomal DNA. Within this relatively short period of development, therefore, it is possible to study the fate and replication of microinjected DNA over at least 13 distinct cell cycles.
Recently, two laboratories (14, 34) have independently examined in detail the replication of microinjected plasmid DNA during early embryogenesis in X. laevis (i.e., from fertilization through the blastula stage of development). Their findings are in good agreement and can be summarized as follows. As in unfertilized eggs (12, 23, 24, 37, 40, 57) , replication of DNA injected into embryos was not absolutely dependent on specific sequences. Early embryos, however, exhibited large differences in ability to replicate DNA that depends on the size and conformation of the microinjected plasmid. When linear molecules of any sequence were injected, a significant fraction of input molecules were ligated to form long concatemers (apparently mostly extrachromosomal) which were amplified significantly (10to 50-fold). Monomeric linear molecules in the same embryo, however, were not detectably replicated. When supercoiled circles were injected, radiolabeled precursors were incorporated into plasmid DNA, yet with a few exceptions there were no significant increases in free-plasmid copy number. It thus appeared that only a small fraction of circular templates were replicated. This was observed over a wide concentration range of microinjected circular DNA (50 pg to S ng per embryo). The observation that linear concatemers were amplified more extensively than monomeric forms of the same plasmid is not explained simply by the relative sizes of the templates, as has been proposed in unfertilized eggs (39, 40) . In early embryos in which two or more circular plasmid DNAs of different size were coinjected (35) , the extent of replication of supercoiled molecules depended more on the number of molecules injected than on the relative sizes of the DNA templates. When equal masses of DNA were coinjected, greater incorporation was observed in smaller form I DNA 300 MARINI AND BENBOW molecules (which were present in molar excess). The relative levels of incorporation into form I DNA could be shifted by simply altering the molar ratio of the input plasmids (35) . This phenomenon also occurred over a wide concentration range.
These findings, however, present a paradox. Long, linear concatemers exhibited much greater copy number increases than did monomeric molecules, yet there were far fewer concatemeric molecules per embryo (on the basis of size and hybridization signals). This discrepancy presumably reflects differences between concatenated and monomeric DNA other than size. Gargiulo et al. (19) demonstrated that, unlike in oocytes, chromatin assembled on supercoiled DNA microinjected into unfertilized or fertilized eggs became resistant to cleavage by micrococcal nuclease shortly following injection. They postulated that an abnormal nucleoprotein structure was assembled on supercoiled DNA templates. Such structures may have direct implications for the efficiency with which these templates are recognized or replicated in early embryos.
To better understand how template structure affects replication in early embryos, we have quantitated the extent of replication of different conformations of microinjected DNA and analyzed the chromatin assembled on these templates. In this report, we show that only a minority of circular DNA molecules injected after fertilization were replicated (mean = 14%). Very few (-1%) underwent multiple rounds of DNA synthesis through the blastula stage of development. In contrast, most linearly concatenated DNA molecules of the same plasmid underwent at least two rounds of DNA replication during this same period. In addition, approximately half of all circular templates (whether they were replicated or not) became sequestered within a membranous compartment (pseudonucleus; 18), rendering chromatin resistant to cleavage by micrococcal nuclease. In contrast, linear concatemers exhibited micrococcal nuclease digestion patterns similar to those seen for endogenous chromatin even though they were likely to be maintained extrachromosomally. We propose, therefore, that the efficiency of replication of microinjected DNA is determined by its fate within the cell (i.e., localization within endogenous nuclei versus extranuclear compartments) or by the supramolecular assembly processes that occur on duplex DNA templates following injection (e.g., association with nuclear matrix or nuclear envelope). Either or both processes may be directed by the size and conformation of the template.
MATERIALS AND METHODS
Plasmids. The plasmids used in this study have been described previously (35) . Plasmids were used to transform Escherichia coli HB101 (Dam') cells (33) , and supercoiled plasmid DNA was purified essentially as described previously (24) . Plasmids were shown to be free of preexisting primers that could direct synthesis by the large fragment of E. coli DNA polymerase I (27) . Where indicated, plasmids were linearized and purified prior to microinjection as described previously (34) . (X174 replicative form I and YIP5 DNAs as well as all restriction enzymes were purchased from New England BioLabs. Enzymes were used according to the manufacturer's specifications.
Embryo microinjections. Embryo collection and plasmid microinjections were done essentially as described previously (35) . Injection mixes typically contained 125 pg to 2.0 ng of total DNA (see figure legends) as well as 0.1 p.Ci of [32P]dTTP (3, 000 Ci/mmol; NEN/DuPont) per embryo. Fol-lowing injections, embryos were initially raised in 0.5 x MMR (50 mM NaCl, 1 mM KCI, 0.5 mM MgSO4, 1 mM CaC12, 2.5 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid [HEPES; pH 7.8], 50 F.M EDTA)-5% Ficoll [46] ). For postgastrula data (>9 h postinjection), embryos were transferred to 5% De Boer solution (34) at the blastula stage (stage 7) and incubated until the desired stage. Embryos were staged according to Nieuwkoop and Faber (48) .
Nucleic acid and chromatin isolation and enzymatic digestion. Pooled embryos at various developmental stages were homogenized in one of two ways. For samples not treated with micrococcal nuclease, embryo homogenization, nucleic acid isolation, and electrophoretic analysis were performed as described previously (34, 35) .
To isolate chromatin for micrococcal nuclease digestion, embryos were first fully dejellied in 2% cysteine hydrochloride (pH 7.5). Pooled embryos were gently homogenized in 5 ,ul of buffer A [15 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH 7.0), 80 mM NaCl, 0.5 mM spermine, 0.5 mM spermidine, 0.5 M sucrose, 6 ,ug of leupeptin per ml, 80 U of aprotinin per ml] per embryo with two to three strokes in a loose-fitting glass-glass homogenizer. The extract was then made 20 ,ul per embryo with buffer A and 1 mM with respect to CaC12 and divided into aliquots. Micrococcal nuclease (Sigma) was added to individual aliquots (2 to 5 U per embryo equivalent for -5-h embryos; 20 to 40 U per embryo equivalent for >5-h embryos) and incubated at 30°C for various times. Where indicated, Triton X-100 was added to a final concentration of 0.5% just prior to addition of micrococcal nuclease. Reactions were stopped by addition of an equal volume of 2% sodium dodecyl sulfate-20 mM Tris hydrochloride HCl (pH 8.0)-20 mM EDTA-2 mg of proteinase K (Boehringer Mannheim) per ml. Samples were incubated for 1 h at 37°C, sequentially extracted with phenol, chloroform-isoamyl alcohol (24:1), and ether, and precipitated with ethanol.
Electrophoretic analysis of chromatin digestion. Micrococcal nuclease digestion products were typically separated in 1.3 to 1.5% agarose gels in Tris-phosphate-EDTA buffer (33) . Where indicated, Tris-glycine buffer (50 mM Tris base, 384 mM glycine, 1 mM EDTA [50] ) was used. To visualize
[32P]dTMP incorporation, gels were fixed for 1 h at 4°C with several gel volumes 5% trichloroacetic acid. The gels were dried and subjected to autoradiography as described previously (34, 35) . For hybridization analysis, probe DNA (either pBR322, double-stranded 4X174, or Xenopus genomic DNA) was labeled by primer extension with either digoxigenin-labeled dUTP or [32P]dTTP, using a random-primed labeling kit (Boehringer Mannheim). Genomic DNA (isolated from uninjected swimming tadpoles) was digested with EcoRI prior to random-primed labeling. Electrophoretically separated DNA was transferred either in 20x SSC (2) onto a Nytran membrane (Schleicher & Schuell) for digoxigenin-labeled probe or in 0.4 M NaOH (2) onto a Zeta probe membrane (Bio-Rad) for radiolabeled probe. Digoxigenin-labeled probe was detected by using an enzyme immunoassay system (Boehringer Mannheim) exactly as described by the manufacturer. Radioactive hybridizations were carried out with 106 cpm of probe per ml; prior to autoradiography, hybridization filters probed with radiolabeled DNA were washed exactly as for nonradioactive filters.
Determining the fraction of circular molecules that undergo multiple rounds of replication. Three to five embryo equivalents of DNA isolated from the time point at which incorporation into plasmid DNA is maximal (determined by autora-diography; typically 3 to 5 h postinjection [34] ) was divided into three equal aliquots. One aliquot was seriallydiluted 1:2 six times, the second aliquot was digested with DpnI, and the last was digested with MboI. Full-length, DpnI-resistant plasmid DNA has undergone at least one round of DNA replication, whereas MboI-sensitive plasmid DNA has been replicated at least twice within injected embryos (see Results for a more detailed rationale). All samples were separated on the same gel, transferred, and hybridized to a digoxigenin-labeled probe as detailed above. Following detection, the filters were photographed and gel negatives were scanned on an LKB 2202 UltroScan laser densitometer. All peaks corresponding to full-length plasmid DNA (forms I, II, and III) in each lane were digitized and integrated by using a Hewlett-Packard 9874A digitizer and an HP-85 computer. In addition, the largest band generated by MboI digestion (1.4 kb for pBR322 and its derivatives; 1.0 kb for pUC19) was scanned, as well as any hybridization in the high-molecular-weight (HMW) range (where chromosomal DNA migrates) in the DpnI lane. Since DNA bands were sometimes not completely homogeneous across the lane, three scans were performed down each gel lane: two scans 25% of the lane width in from each side and one scan down the middle of the lane.
The percentage of molecules that had undergone either one or two or more rounds of replication was calculated in the following way. The hybridization signals corresponding to full-length DpnI-resistant plasmid DNA (termed a) and MboI-sensitive DNA (1.4-kb [pBR322] or 1.0-kb [pUC19] band, termed 1B) were determined from integrated peak values of respective bands. By comparing these hybridization signals with those of the serially diluted samples, one first obtains the fraction of full-length DpnI-resistant DNA (aly) in the sample, where y equals the hybridization signal calculated from the serial dilutions for total plasmid DNA isolated from the same embryos. aly, therefore, represents the fraction of molecules in the sample that have undergone at least one round of replication. To obtain the fraction of twice-replicated DNA molecules, 13 is first multiplied by a constant (3.18 for pBR322 and 2.81 for pUC19), since only a part of the full-length molecule is represented in this band. The 1 signal is then doubled, since each MboI-sensitive molecule that has undergone two rounds of DNA replication also has a sibling with one parental strand (and therefore To convert these fractions to the percentage of input molecules that have undergone one or two (or more than two) rounds of DNA synthesis, several additional calculations must be made. First, the hybridization signal contributed by replicated daughter molecules must be subtracted from the total hybridization signal (y) to give the hybridization signal representative solely of the input population. Thus, one-half of the once-replicated hybridization signal (a -Padj) iS subtracted from y (since every two molecules derive from one parent, one-half of the signal is from daughters). Similarly, three-fourths of the hybridization signal (since four molecules derive from one parent) of twicereplicated DNA (Padj) iS subtracted from y. Thus, y -[(a -Padi)/2] -3 X Padi1/4 or y -a/2 -Padj/4 equals the hybridization signal of the input population of plasmid DNA mole-cules. The percentages of input molecules that have undergone one round of DNA replication and that have undergone two or more rounds of replication are calculated as follows: replicated once = [(a -Padj)/2]/(Y -ol2 -Padj/4); replicated at least twice ' (Padj/4)/(y -al2 -Padj/4).
It should be pointed out that in this type of analysis, if a significant fraction of input molecules underwent more than two rounds of DNA replication, the value obtained for Padj would be too high, and therefore the calculation of oncereplicated DNA would be underestimated. However, the frequencies of reinitiation are sufficiently low (see Fig. 1 and Table 1 ) that they do not affect the calculation of oncereplicated DNA.
Determining the percentage DNA template resistant to micrococcal nuclease digestion. To determine the percentage of nuclease-resistant endogenous chromosomal as well as replicated plasmid DNA, sample lanes from gels fixed and dried onto Whatmann 3MM paper were cut into 2-mm slices from the lane well to the gel bottom. The slices were added to Liquifluor cocktail (NEN/DuPont) and counted for 5 min in a Rackbeta 1218 LSC (LKB). The decrease in radiolabel present in the HMW band (the position to which endogenous chromosomal DNA migrates) and in full-length plasmid DNA bands (forms I, II, and III summed together) was quantitated as a function of duration of digestion. The radioactivity present in these bands at 0-min digestion was taken to be 100%. In a few cases, the loss of chromosomal DNA was quantitated by scanning the HMW band from a photographic negative following ethidium bromide staining of the gel.
To quantitate the percentage of nuclease-resistant total plasmid DNA population, samples at selected time points of digestion (see figures) were diluted 1:2 in six serial dilutions (per sample). These were electrophoretically separated and hybridized with digoxigenin-labeled probe DNA as described above. Densitometric quantitation of full-length plasmid species was performed as detailed above. Using DNA concentrations in the linear response range, the slopes of best-fit lines were determined. Slope ratios were used to determine the percentage of resistant DNA at a given time point, using the slope from the diluted samples of the 0-min digestion as 100%o. For similar quantitations using radiolabeled probe, the hybridization filter was sliced and counted as described above.
RESULTS
Quantitation of once-and twice-replicated input plasmid DNA molecules. It has been demonstrated previously (14, 34) that small circular plasmid DNA molecules are relatively poor substrates for DNA replication after microinjection into early embryos of X. laevis. It was not determined, however, whether the observed low level of DNA synthesis was derived from a small fraction of molecules that replicated through several rounds along with endogenous DNA or from molecules that primarily undergo only a single round of synthesis. By exploiting the ability of the methylationsensitive restriction enzymes DpnI and MboI to distinguish replicated from unreplicated DNA, we have now quantitated the percentage of input circular DNA molecules that have undergone either one or multiple rounds of DNA replication during early embryogenesis.
DpnI cleaves its recognition sequence (5'-GATC-3') only when the adenine residues on both DNA strands are methylated. These sites are methylated in plasmid DNA purified from Dam' bacteria. If these plasmids then undergo at least "For full descriptions, see reference 35. "ND, Not determined.
From the coinjection experiment shown in Fig. 1 .
FIG. 1. DpnI resistance and MboI sensitivity of microinjected DNA. Supercoiled plasmids pXY65 (7.6 kb) and pBR322 (4.4 kb) were coinjected (500 pg each) into fertilized eggs as described in Materials and Methods. At 5 h postinjection, an aliquot of DNA equivalent to the amount recovered from one microinjected embryo was either serially diluted 1:2 (lanes marked EMBRYO EQUIVA-LENTS) or digested with DpnI or MboI as indicated. Following electrophoresis, samples were transferred to nitrocellulose and probed with digoxigenin-labeled pBR322. Samples in the serial dilution and DpnI lanes were linearized with EcoRI prior to treatment. I, II, and III following plasmid names indicate the migration of supercoiled circles, relaxed circles, and linear monomers, respectively, for each plasmid. The line at 1.4 kb marks the largest fragment generated by either DpnI or MboI digestion. The fragment immediately below the 1.4-kb fragment in the Dpnl lane is a 1.2-kb fragment of YIP5 DNA (included to monitor complete digestion). one round of replication within the embryo (which is incapable of methylating adenine residues), the DpnI sites will become hemimethylated (or fully unmethylated) and resistant to cleavage by DpnI. In contrast, MboI (same recognition sequence) will cleave only when the adenine residues on both strands are unmethylated. MboI-sensitive DNA, therefore, has replicated at least twice and does not contain a parental strand. Since plasmid pBR322 contains 22 DpnI and MboI sites with the largest digestion product a 1.4-kb fragment, it is easy to distinguish 0once-replicated (DpnIresistant) and .twice-replicated (MboI-sensitive) from unreplicated (DpnI-sensitive) molecules.
A typical quantitation experiment is shown in Fig. 1 . The full-length (form III) DpnI-resistant species are the molecules that have undergone at least one round of DNA replication. A 1.4-kb fragment in the MboI lane would be indicative of -twice-replicated molecules. However, since this species is virtually undetectable, we conclude that very few, if any, reinitiation events occurred within this population of free plasmid DNA. On the basis of standards in serial dilution lanes, the limit of detection was -1% of the input population for .twice-replicated DNA.
Using the methodology outlined in Materials and Methods, we calculated that the hybridization signal of DpnIresistant DNA corresponded to 3% of input pXY65 and 7% of input pBR322 molecules being replicated through one round. We cannot, however, exclude the possibility that some of the DpnI-resistant DNA was formed by extensive repair of one strand of the DNA template. The more extensive replication of pBR322 (7 versus 3%) was not surprising, since there are more molecules of pBR322 present within the embryo (1.8-fold) and the extent of replication of circular DNA molecules in embryos apparently depends more on the number of molecules injected than on template size (35) .
The results from several such experiments are summarized in Table 1 . The amount of DNA injected in these experiments ranged from 300 pg to 1.5 ng per embryo, yet there appeared to be no correlation between DNA concentration and the extent of replication. Percentages marked <1.0 are below the detection limit in these experiments. Where reinitiation was detected, the percentages are represented as "5", since we do not know whether MboIsensitive DNA is from twiceor >twice-replicated DNA.
From these experiments, we conclude that on average, 13% of input circular DNA molecules underwent one round of DNA synthesis and only 1% underwent multiple rounds. The numbers quantitatively confirm the observations of Endean and Smithies (14) that only a very small proportion of circular DNA molecules serve as templates for multiple rounds of DNA synthesis. In addition, these results suggest that most of the incorporation into forms I and II plasmid DNA previously reported (34) is due to just a single round of DNA replication even though the embryo has undergone multiple cell division cycles.
It should be noted that percentages of twice-replicated DNA calculated from total MboI-sensitive DNA would have suggested an average reinitiation frequency of 4% of the input population (similar to the 5% reported in unfertilized eggs [23] ). This is because HMW concatenated forms of microinjected plasmid DNA were generated (14, 34) which exhibited MboI sensitivity (not shown, but see Fig. 5 ). This HMW hybridization signal was therefore subtracted from total MboI-sensitive DNA to give the signal generated solely from small circular molecules. We believe that the value of 1% more accurately reflects rereplication of small circular templates. Since linearization of recovered DNA (as in Fig.  1 ) results in loss of the HMW concatenated forms of microinjected plasmid, it was not performed in the other experiments summarized in Table 1 .
The observation that only a very small percentage of circular DNA molecules undergo multiple rounds of DNA MOL. CELL. BIOL. (19) have demonstrated that circular DNA chromatin has altered nuclease sensitivity, it is possible that there are differences in chromatin structure between small, circular and long, linear templates which affect how they are presented to the replication-initiation machinery of the embryo.
Nuclease sensitivity of chromatin assembled on circular templates. Naked duplex DNA is assembled into nucleosomes after microinjection or in cell extracts (20, 31, 51) , and this is likely to be a critical prerequisite for subsequent nuclear assembly processes (18, 43) and DNA replication (7, 25, 43, 53) . Thus, it is possible that chromatin assembly influences the ability of microinjected templates to be replicated. We therefore compared the nucleoprotein complexes assembled on circular plasmid DNA (replicated and unreplicated) and linearly concatenated DNA. The chromatin structure of these templates was initially probed with micrococcal nuclease to monitor the appearance of correctly sized, physiologically spaced nucleosomes.
In chromatin isolated from microinjected embryos, endogenous DNA (HMW band) was sensitive to micrococcal nuclease digestion, generating a canonical nucleosome ladder with -200-bp spacing ( Fig. 2A) . In contrast, the population of replicated plasmid DNA molecules (forms I and II) was relatively resistant to nuclease digestion under these conditions. In these experiments, endogenous DNA can be monitored by autoradiography since it has been uniformly radiolabeled by successive rounds of chromosomal DNA replication. Mononucleosome-sized fragments typically ranged in size from 180 to 200 bp (prior to nucleolytic trimming), depending upon the gel system used (i.e., agarose concentration and electrophoresis buffer). Figure 2B shows the resistance of the entire population of circular plasmid DNA molecules (both replicated and not) to micrococcal nuclease (22) . We have obtained results similar to these with every plasmid tested (35) isolated anywhere between 3 and 9 h postinjection and over a concentration range of 0.3 to 3.0 ng DNA per embryo.
The fraction of each population of molecules that becomes nuclease resistant was calculated as described in Materials and Methods. Figure 3 shows the results from four experiments (quantitation of the experiment in Fig. 2 is shown in Fig. 3C ). The data indicate that roughly 50% of either replicated or total plasmid DNA exhibited micrococcal nuclease resistance at limit digestion at which >95% of endogenous DNA was susceptible to cleavage. It should be noted that the fraction of form I and form II DNA that was sensitive to micrococcal nuclease exhibited typical nucleosome ladders, but they were barely detectable on immunostained hybridization filters.
These data indicate several things. First, the extent of nuclease resistance is independent of the sequence or size of the plasmid injected, the concentration of DNA (300 pg to 3 ng per embryo), and whether or not the DNA is replicated. Thus, this is likely to be a general feature of the cellular fate of small, circular DNA microinjected into fertilized eggs. Second, it apparently makes no difference when the chromatin is isolated (between 3 and 9 h postinjection). Gargiulo et al. (19) have demonstrated previously that nuclease resistance is conferred by 30 min following activation of preinjected unfertilized eggs. Thus, the molecular determinants of nuclease resistance presumably associate with circular plasmid DNA shortly following microinjection and persist throughout early embryogenesis.
Circular DNA is sequestered within a membranous compartment. Since nucleoprotein structure may directly affect VOL. 11, 1991 Fig. 2A . The duration of nuclease treatment (in minutes) is shown above the gel. The next six lanes are identical to the first six except that prior to addition of micrococcal nuclease, Triton X-100 was added to 0.5%. 1 indicates the position of supercoiled circles; HMW represents endogenous DNA. Positions of relevant HindIII-digested and HaeIII-digested 4X174 markers are also shown. (B) Samples for hybridization analysis were treated exactly as the detergent-treated lanes in panel A (but from a different set of embryos not injected with radioactive precursor) and electrophoresed through 1.5% agarose. The probe was 32P-labeled pBR322. The positions of supercoiled circular (I), relaxed circular (II), and linear (III) forms of DNA and of products corresponding to single and multiple nucleosome lengths (tri, di, and mono) are indicated. the efficiency with which small, circular templates are replicated, we have investigated the factors responsible for conferring nuclease resistance. Naked bacteriophage DNA has been shown to exhibit a transient highly condensed morphology shortly following injection into unfertilized eggs (18) or in egg extracts (43) . It is possible, therefore, that circular DNA chromatin enters a highly condensed state that denies access by micrococcal nuclease. Alternatively, the templates may be sequestered from digestion either by being coated with DNA-binding factors (3) or by encapsulation within cytoplasmic membranes into nucleuslike structures (7, 18, 43, 54) .
If circular templates were sequestered within a membranous compartment, treatment with a nonionic detergent to solubilize membrane components should render the chromatin sensitive to digestion. This appears to be the case (Fig. 4) . Treatment of homogenates with 0.5% Triton X-100 rendered both replicated and total plasmid DNA sensitive to micrococcal nuclease digestion. Figure 4A is an autoradiogram of electrophoretically separated DNA from embryos injected with [32P]dITP (plus plasmid), and therefore only replicated DNA can be visualized. Figure 4B is a hybridization filter from a different set of embryos not injected with radiolabel and is therefore reflective of the entire population of plasmid DNA molecules. Circular DNA chromatin yielded typical nucleosome ladders following micrococcal nuclease diges-tion of Triton X-100 treated extracts (Fig. 4B) . Like endogenous chromatin, the spacing of nucleosomes on circular DNA was always 180 to 200 bp following treatment with Triton X-100, consistent with the -200-bp spacing shown for nucleosomes assembled on circular DNA in egg extracts (31) , in oocyte extracts (20) , and following injection into oocyte nuclei (51) .
We conclude from these experiments, therefore, that the observed nuclease resistance of circular DNA chromatin was conferred by sequestration within a membranous compartment and was not due to the formation of nucleoprotein structures with abnormal size or spacing, the protection by DNA-binding factors, or a high degree of chromatin condensation. It is necessary to emphasize that these experiments do not address the correctness of nucleosome formation in terms of constituents but merely assess the distribution of nucleosomes along the molecule.
Linearly concatenated DNA is replicated efficiently and sensitive to nuclease digestion. Following injection into fertilized eggs, linear plasmid DNA is either joined together to form HMW concatemers or recircularized to yield forms I and II DNA. As previously reported (14, 34) , linear concatemers are efficiently replicated through the first 9 h of development. There was a striking increase in the hybridization signal of the HMW concatenated species of plasmid DNA within the 8 h following injection (Fig. SA) . Moreover, digestion with MboI revealed that essentially all concatemeric DNA was MboI sensitive. In contrast to forms I and II plasmid DNA, therefore, linearly concatenated DNA consisted predominantly of molecules that had undergone multiple rounds of DNA synthesis. The loss of HMW plasmid DNA was correlated with the appearance of a 1.4-kb band indicative of MboI sensitivity.
Micrococcal nuclease digestion of chromatin isolated from pooled 8-h embryos in the same experiment is shown in Fig.  5B . As shown above, free plasmid DNA (forms I, II, and III) was relatively resistant to nuclease digestion, whereas linearly concatenated DNA from the same embryo was sensitive. On this gel, HMW DNA and form II plasmid DNA migrated to the same position. Like endogenous and circular DNA, nucleosome ladders generated from chromatin assembled on linearly concatenated DNA displayed normal 180to 200-bp spacing.
To further confirm the different nuclease sensitivities of linearly concatenated and circular plasmid DNA, samples were electrophoresed with use of a different gel buffer (see legend to Fig. 5 ) that more clearly resolves HMW DNA from forms I and II DNA (Fig. SC) . The linear concatemers were far more sensitive to micrococcal nuclease than were forms I and II plasmid DNA under these conditions. Quantitation of the sensitivities of each of these species of DNA (as in Fig. 3 ) is plotted in Fig. SD . The percentage of resistant plasmid DNA was calculated as for Fig. 3 . The percentages for concatenated DNA were calculated by slicing the hybridization filter shown in Fig. SC , followed by scintillation counting as described in Materials and Methods. The sensitivity of endogenous DNA, which is present in considerable excess over concatemers, was determined by scanning the HMW band on photographic negatives of the ethidium bromide-stained gels in Fig. SB and C. As in Fig. 3 , slightly more than 50% of circular DNA molecules were resistant to cleavage. Linearly concatenated DNA, however, displayed sensitivity to micrococcal nuclease similar to that of endogenous chromatin.
Although the nuclease sensitivity and replication of linearly concatenated DNA closely mimic those of endogenous MOL. CELL. BIOL. DNA, we do not believe that most concatemeric DNA is integrated into the genome, since it is slowly degraded following gastrulation and fails to persist in swimming tadpoles derived from microinjected eggs (data not shown; see Discussion). We have obtained results similar to those shown in Fig. 5 in five separate experiments using different input plasmid DNAs. It is therefore clear that early embryos can differentiate between linearly concatenated and small, circular DNA of the same sequence. Manifestations of this differential recognition are both the relative efficiencies of DNA replication for each type of template and the different sensitivities to nuclease digestion. As discussed below, these may be functionally interrelated.
FATE OF PLASMID DNA INJECTED INTO XENOPUS EMBRYOS

DISCUSSION
In this report, we have demonstrated quantitatively that only a minority of microinjected small, circular DNA molecules were replicated throughout early Xenopus embryogenesis (mean = 14%). Very few (-1%) underwent multiple rounds of DNA synthesis. In addition, circular DNA chromatin was sequestered within membranous compartments such that greater than 50%o of all templates (whether they were replicated or not) became inaccessible to micrococcal nuclease digestion. Most linearly concatenated DNA, however, was replicated through multiple rounds and displayed nuclease sensitivities similar to that seen for endogenous chromatin.
Although only a minority of circular templates are replicated, the overall level of DNA synthesis in eggs (40, 47) , embryos (14, 34 ; this report), and egg extracts (7) is directly proportional to the amount of DNA present up to 5 to 10 ng per egg or egg equivalent. This finding suggests that the same fraction of molecules is replicated, and the percentages calculated in Table 1 are likely to be true regardless of the concentration of microinjected DNA (at least up to 10 ng per embryo). Perhaps related to this, the nuclease sensitivity profiles of circular DNA chromatin were always similar to those shown in Fig. 3 regardless of the plasmid tested, the concentration of DNA injected, and whether or not the DNA was replicated. These features, therefore, are not likely to be due to the titration of factors within the embryo but, rather, must be inherent to the conformation of small, circular DNA.
From the results of experiments with Triton X-100-treated homogenates, we do not believe that the deposition of incorrectly sized or spaced nucleosomes is responsible for the fate or inefficient replication of circular plasmid DNA, since typical 180to 200-bp nucleosome ladders can be generated. Instead, we believe that the differential behavior (replication efficiency and nuclease sensitivity) of small, circular DNA may be a function of the subsequent steps in nuclear formation. Naked plasmid or bacteriophage DNA microinjected into eggs and early embryos of X. Iaevis (or in cell extracts) is assembled into nucleuslike structures (pseudonuclei) that resemble normal eucaryotic nuclei in many respects (7, 18, 42, 43, 54) . Further, nuclear assembly is likely to play a critical role in the initiation of DNA replication (7, 9, 25, 26, 53) . One explanation for the observed nuclease sensitivities is simply that the nuclei assembled around circular plasmid DNA are smaller, on average, than endogenous nuclei and those assembled around concatenates (7, 18, 55) . It is possible, therefore, that homogenization shears endogenous, concatemeric and a portion (Fig. 3 ) of plasmid nuclear structures, thereby allowing the chromatin within to be easily digested. Although this might partially explain our observations, it would not account for the inefficient replication of small, circular DNA. We believe that the data have more interesting implications.
First, slightly more than 50% of all plasmid DNA is completely resistant to digestion with micrococcal nuclease. We would not expect this from nuclear structures with normal envelopes, since micrococcal nuclease (16.8 kDa) should diffuse freely through pore complexes (reviewed in references 10 and 13). These results are also not likely attributable to slow diffusion, since we would expect at least a gradual relaxation or linearization of supercoiled DNA, which is not observed. Thus, it is possible that these pseudonuclei either contain deficient pore complexes or lack them entirely. Newmeyer et al. (42) have seen, on occasion, nuclei assembled around naked DNA in vitro that lack pore complexes.
Second, there is apparently no difference in nuclease sensitivity profiles for DNA isolated anywhere between 3 and 9 h postinjection, a period of extensive chromosomal DNA replication yet little further replication of plasmid DNA molecules (34) . Blow and Laskey (8) have proposed that nuclear envelope breakdown and re-formation are essential for successive rounds of DNA synthesis by allowing a cytoplasmic initiation factor to gain access to chromatin (or other nuclear components) at mitosis. Given the fact that very little small, circular DNA undergoes a second round of DNA synthesis and that a relatively static situation exists between 3 and 9 h postinjection, this implies that most of these nuclear structures may not be responding to embryonic cell cycle signals and undergoing nuclear envelope breakdown. It is noteworthy that this argument would also apply to the fraction of circular molecules that displayed nuclease sensitivity, since there is apparently no correlation between the ability of a circular molecule to be replicated and to be digested with micrococcal nuclease (Fig. 3) . These molecules may be sensitive because of encapsulation within larger structures that may be sheared as discussed above.
Using egg extracts that assemble nuclei around demembranated sperm heads, Sheehan et al. (53) demonstrated that the efficiency of DNA replication was directly related to the quality of the nucleus assembled (determined qualitatively by morphological correctness). Perhaps structures that assemble around small circular DNA either lack or contain deficient components present in normal nuclei. An obvious corollary to this hypothesis is that linearly concatenated DNA may direct the assembly of structures more closely resembling normal eucaryotic nuclei. These may then be more efficient in DNA replication as well as in response to cell cycle signals (18, 44) .
During the process of nuclear formation around concatenated A DNA in vitro, the assembly of an internal matrix or scaffold follows chromatin assembly yet precedes envelope attachment and chromatin decondensation (43) . Since the nuclear matrix has been strongly implicated in both the control of initiation and nascent-strand synthesis (reviewed in reference 56), this step may be critical in establishing the competency of the resulting nucleus for DNA replication. Perhaps long stretches of DNA serve as better templates for correct matrix or scaffold assembly than do small, circular molecules.
It should be emphasized that although this argument indicates a size dependence for correct nuclear formation and subsequent DNA replication, it is likely to be a threshold size that is necessary. In microinjection experiments, all circular plasmids tested were replicated and sequestered to roughly the same extent (14, 34, 35; this report). Thus, these molecules are likely to be below the size threshold necessary for formation of structures that efficiently replicate DNA. A threshold size may be one that could mimic a looped domain or replicon (11) and contains at least two matrix or scaffold attachment sites. Since monomeric linear plasmid DNA molecules are not detectably replicated (34) , there may be a need for supercoiling or torsional strain of the template, which could be accomplished in linear DNA if bounded by nuclear matrix anchoring sites.
An alternative explanation to differential nuclear formation, however, is that concatenation may promote localization within the endogenous embryonic nucleus, as previously proposed in sea urchin embryos (17, 36) . It is possible that nuclei assembled around concatemeric DNA could resemble telophase karyomeres (41, 55) and subsequently fuse with re-forming embryonic nucleus in late telophase. If this occurs, however, it must occur following at least seven cell divisions, since these structures remain extranuclear in embryos that have undergone seven cleavage divisions (55) .
We believe that most of the amplification of linearly concatenated DNA takes place extrachromosomally, since this species fails to persist in later stages of development. The loss of microinjected plasmid DNA following gastrulation has been widely reported and is apparently independent of plasmid, conformation, and extent of amplification prior to gastrulation (1, 4, 5, 15, 16, 30, 46, 49, 58 ; our unpublished observations). Although we cannot exclude transient integration in pregastrula-stage embryos followed by excision and degradation, we believe that most HMW concatemers are maintained and amplified extrachromosomally. In addition, Trendelenburg et al. (55) demonstrated that microinjected DNA persists not only extrachromosomally but also in separate nuclei until at least the seventh cleavage division.
In any event, it is clear that the early Xenopus embryo can differentiate between small circular and concatenated DNA within the same embryo. It should be emphasized that in experiments like that depicted in Fig. 5 , both concatemeric and circular molecules were formed in vivo following microinjection of unit-length linear DNA; their subsequent fates were clearly different. Since supramolecular assemblies appear to play critical roles in the regulation of DNA replication, the implication that small, circular molecules may be deficient in directing these assemblies calls into question their usefulness in studying the regulation of chromosomal DNA replication.
